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To detect less prevalent viruses, such as wild-type polioviruses in sewage from a highly immunized commu-
nity, a method was developed to efficiently recover viruses and remove PCR inhibitors. The method consisted
of initial separation of solids from liquid, followed by solvent extractions, polyethylene glycol precipitations,
Sephadex G-200 chromatography, and guanidinium isothiocyanate (GIT) extraction. To elute viruses from the
separated solids, 0.5 M threonine (pH 7.5) was as efficient as 3% beef extract but conferred no PCR inhibition.
In samples that were concentrated approximately 1,000-fold, 21% of the initially seeded viruses were recovered.
When poliovirus type 3 (PV3) Sabin strain at low levels and PV1 LSc strain at high levels were seeded in raw
sewage, PV3 was specifically detected in the final sample concentrates at sensitivities of 14 PFU by direct PCR
and 0.7 PFU by GIT extraction-PCR. While applying the method to international airplane sewage, which
contains high levels of solids as well as commercial sanitizers, 44% (7 of 16) of the samples were found to
harbor enteroviruses by both cell culture infectivity and pan-enterovirus PCR analyses. Nucleotide sequencing
of the PCR products revealed that multiple enterovirus genotypes were amplified from each final sewage
concentrate, whereas the fewer virus genotypes detected by cell culture infectivity were probably the better
growing strains. By this method, we demonstrated that air travel may contribute to the intercontinental
dissemination of enteric pathogens.
Many diseases transmitted by the fecal-oral route are often
acquired by ingesting water and food contaminated by human
wastes such as feces and sewage (4). Despite the importance of
enteroviruses, hepatitis A and E viruses, rotaviruses, and hu-
man caliciviruses as agents of waterborne and food-borne dis-
ease, their detection in water and food vehicles is difficult.
Methods to detect enteric viruses in environmental samples
generally fall into two categories: infectivity in cell culture and
molecular detection such as PCR amplification followed by
nucleic acid hybridization (8). Compared to cell culture assays,
PCR is considered rapid, sensitive, and specific; it is also ca-
pable of detecting noncytopathogenic, slowly growing, and rare
(minority) viruses in complex environmental samples such as
sewage or sludge (13). In sewage, rotaviruses have been geno-
typed by reverse transcription (RT)-PCR with specific primers
(5), adenoviruses or enteroviruses have been examined by
nested PCR or RT-PCR (9, 17), and wild-type polioviruses
have been isolated from areas having endemic and epidemic
poliomyelitis (16, 18). However, in most of these previous
studies, only limited volumes of sewage samples were pro-
cessed and examined by PCR. The processing and analysis of
only small sample volumes of sewage may preclude the detec-
tion of low levels of specific viruses or virus groups, even when
a sensitive assay method is used, because the sample size is too
small for them to be present. Furthermore, current sample
processing procedures were adapted from those developed for
conventional cell culture assays. These procedures not only
concentrated viruses inadequately for sensitive detection by
PCR but also enriched PCR inhibitory substances naturally
present in environmental samples. Most of the virus concen-
tration and recovery procedures employ nonspecific physico-
chemical processes that also concentrate other particles and
solutes in the sewage, such as humic acids.
Overcoming or removing PCR inhibitors has been at-
tempted by several means: guanidinium isothiocyanate (GIT)
lysis (5, 12), Sephadex or Chelex resin chromatography (14),
and brief viral cultivation in cell cultures before PCR (3). PCR
detection of low levels of viruses in sewage containing high
concentrations of suspended solids is especially challenging,
because removal of the sewage solids may result in the loss of
viruses associated with solids. A specific situation for the de-
tection of low levels of enteric viruses in sewage is in the
environmental surveillance of wild-type polioviruses. Until
global eradication is achieved by widespread and repeated
immunization, environmental surveillance of sewage and other
community fecal wastes must be used to determine if wild-type
strains of poliovirus persist in a community or have been re-
introduced by importation. In the Western hemisphere, the
human population has been successfully immunized such that
poliovirus eradication has been achieved (15). If wild-type po-
lioviruses become reintroduced, they may persist at low con-
centrations, masked among higher levels of the vaccine strains
of poliovirus and other enteroviruses. Under these conditions,
successful detection of the small numbers of wild-type polio-
viruses would require efficient concentration from a large vol-
ume of sewage sample and the removal of PCR-interfering
substances. For environmental surveillance of wild-type strains
of polioviruses, the World Health Organization has specified 1
liter as the minimum sample size of raw sewage.
The development and evaluation of processing procedures
for the PCR detection of low levels of minority polioviruses in
sewage were the focus of this study. The samples were concen-
trated extensively, and virus recovery was examined at each
processing step. To deal with sewage having high levels of
suspended solids, procedures were developed for the initial
removal of sewage solids and the subsequent recovery of the
sewage solids-associated viruses. The method was tested on
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sewage from commercial airplanes because it contains high
levels of sewage solids and chemical sanitizers-deodorants and
is one plausible source of wild-type poliovirus importation into
the United States from poliovirus-endemic regions of the
world.
MATERIALS AND METHODS
Viruses and cell cultures. Poliovirus type 1 (PV1; LSc strain) and PV3 (Sabin
strain) were grown and assayed in human rhabdomyosarcoma (RD) cells. Virus
infectivity was determined by plaque assaying, and titers were expressed as PFU.
RD cell cultures were grown to confluence in Eagle’s minimum essential medium
(MEM) containing 10% fetal bovine serum (FBS), kanamycin (250 mg/ml), and
gentamicin (50 mg/ml) in 60-mm diameter dishes or 25-cm2 flasks. The cells were
maintained in the same medium, except that the concentration of FBS was 2%.
Cell culture assay of sewage concentrates. Virus recoveries from seeded,
processed sewage samples were quantified by plaque assaying. Serial 10-fold
dilutions were inoculated onto confluent RD cells in 60-mm-diameter dishes. In
an effort to remove cytotoxicants that might be present in the inocula, the
inoculated cells were washed with MEM after 45 min of incubation and prior to
overlaying with complete MEM containing 0.75% Bacto Agar (Difco, Detroit,
Mich.). When cytotoxicants remained, cell cytopathology (microscopically ob-
servable injured or dead cells detaching from a monolayer) appeared as early as
the moment of inoculation and as late as overnight incubation. However, the
earliest cytopathology resulting from viral infection-replication often appeared
24 to 36 h after inoculation. Thus, the absence of the development of cytopa-
thology during the first 18-h incubation period was taken as evidence of sufficient
removal of toxic compounds in the inocula. Cell cultures with liquid medium
were used in quantal assays to detect infectious viruses in 16 dithiozone-chloro-
form-extracted, first polyethylene glycol (PEG) precipitates of airplane sewage
samples. Prior to inoculation, the sample concentrates were supplemented with
2% calf serum to stabilize viruses and washed with phosphate-buffered saline
(PBS) by centrifugal ultrafiltration (Centricon-100; Amicon, Danvers, Mass.) to
reduce cytotoxicity. Inoculated RD cells in 25-cm2 flasks were observed for
cytopathic effect (CPE) for a period of 7 to 10 days, during which CPE-positive
cultures were frozen at 90% CPE. To confirm CPE positivity, cell lysates were
thawed; filtered through 25-mm-diameter, 0.2-mM-pore-size filters (Gelman Sci-
ences, Ann Arbor, Mich.); and reinoculated onto RD cells. All cell cultures were
freeze-thawed three times and then chloroform extracted. Cell lysates were
aliquoted and stored at 270°C for subsequent analyses.
Sewage samples and sample processing. Sewage samples included (i) metro-
politan sewage collected in several large cities in different regions of the United
States during 1995 and 1996 and (ii) airplane sewage collected from the lavatory
waste tanks of international flights arriving during September and October of
1995. Nine samples were collected over 2 days at the John F. Kennedy Interna-
tional Airport in New York, and seven samples were collected over 2 successive
days at the Los Angeles International Airport in California. After collection, all
sewage samples (4 to 10 liters each) were stored immediately at 4°C and shipped
in chilled, insulated containers via overnight air express. Concentrations of total
solids in sewage samples were measured by drying an aliquot of several grams in
an oven at 83°C to a constant weight. Except for the small aliquot removed for
determination of weight (dry weight), samples were processed for enterovirus
recovery and concentration within 1 or 2 days upon arrival at the laboratory.
Two sample-processing procedures, which were designated original and im-
proved, were examined for the efficacy of enterovirus recovery from test sewage
samples. The original method, consisting of PEG precipitations, solvent extrac-
tions, Sephadex column chromatography, and RNA extraction by guanidinium
solution, has been previously described (12). The improved method consisted of
the following steps of sewage sample processing for improved viral recovery and
detection by RT-PCR: step A, adjustment of the pH of raw sewage (1 to 10 liters)
to 7.2; step B, separation of sewage liquid from solids by centrifugation at
4,700 3 g for 30 min; step C, addition of 5 parts of 0.5 M threonine (pH 7.5) per
1 part sewage solids and agitation of the mixture at room temperature for 1 h to
extract viruses from solids (supernatant collection after centrifugation at 5,000 3
g for 30 min); step D, combination of the supernatant with the sewage liquid in
step B; step E, reextraction and agitation of the sewage solids with 2 parts 0.5 M
threonine (pH 7.5) and 1 part chloroform–0.001% dithiozone per 1 part solids at
room temperature for 1 h (supernatant collection after centrifugation at 1,700 3
g for 30 min and after recentrifugation of this supernatant at 5,000 3 g for 30
min); step F, combination of the final supernatant with the sewage liquid of step
B; step G, precipitation of viruses in the combined sewage liquid by 8% PEG
8000 and 0.3 M NaCl at 4°C overnight (pelleting at 6,700 3 g for 30 min and
resuspension of pellets in PBS–0.1% Tween 80; sample concentration factor,
about 100-fold); step H, extraction of the PEG concentrate with an equal volume
of chloroform–0.001% dithiozone and collection of supernatant after centrifu-
gation at 1,700 3 g for 30 min; step I, precipitation of viruses again with 8% PEG
and 0.3 M NaCl at 4°C overnight (after centrifugation at 13,800 3 g for 15 min
in a microcentrifuge, resuspension of pellets in 200 to 500 ml of 20 mM Tris–0.2%
Tween 20 [pH 8]; sample concentration factor, about 1,000-fold); step J, Seph-
adex G-200 spin column chromatography; step K, RNA extraction of 200-ml
samples into 10 to 20 ml with guanidinium solution and then RT-PCR on the
extract (sample concentration factor, several thousandfold to 20,000-fold). This
method was modified from the original method by adding steps to initially
separate sewage solids from liquid and then to extract viruses from these solids
(steps B to F). The improved method was developed to overcome difficulties in
virus recovery from high-solid sewage noted with the original method. In the first
and second extractions (steps C and E), eight candidate eluents were initially
compared: PBS; 0.5 M (pH 7.5) solutions of threonine, lysine, threonine-lysine,
arginine; and three chemically complex eluents (pH 7.5) consisting of 3% beef
extract (BE), 3% BE–2 M sodium citrate, and 3% BE–2 M sodium nitrate. The
last two eluents were previously found to be effective for recovering viruses from
estuarine sediments (19). During the processing of airplane sewage, steps C to F
were combined by using 3 parts of threonine and 1 part of chloroform-dithiozone
for a single extraction of sewage solids. This change was made in order to
expedite sample processing and to avoid adding back large volumes of eleunts of
sewage solids to sewage liquid.
RT-PCR. RT of viral genomic RNA was carried out as previously described
(12), except that random primers were used to initiate cDNA synthesis. The
synthesized cDNA was amplified by either PCR pan-enterovirus primers or PV3
Sabin strain-specific primers. Pan-enterovirus PCR amplification was performed
for 25 cycles, each consisting of 95°C for 1.5 min, 55°C for 1 min, and 72°C for
1.5 min, to yield an amplified product of 196 bp (1). PV3 Sabin PCR was
performed for 30 cycles, each consisting of 94°C for 30 s, 60°C for 45 s, and 72°C
for 1 min (20), to yield an amplified product of 53 bp (21). Negative controls were
included in each RT and PCR. Extensive precautions were taken to prevent
contamination, such as the physical separation of sample preparation from nu-
cleic acid amplification. Primer and probe sequences for enteroviruses were from
the highly conserved 59 nontranslated region, and those specific for PV3 Sabin
were in the VP1 region of the capsid. Pan-enterovirus primers were 59-CCTCC
GGCCCCTGAATG-39 (sense) and 59-ACCGGATGGCCAATCCAA-39 (anti-
sense), while the probe was 59-ACTACTTTGGGTGTCCGTGTTTC-39. Prim-
ers specific for PV3 Sabin were 59-AGGGCGCCCTAACTTTG-39 (sense) and
59-AGTATCAGGTAAGCTATCC-39 (antisense), while the probe was 59-ATC
CTGTTGCTTCGGGAGTGACAAAGTTAGG-39.
DNA analysis by gel electrophoresis and hybridization. PCR-amplified prod-
ucts were analyzed by agarose gel electrophoresis, viewed by ethidium bromide
staining, and transferred to GeneScreen membrane (NEN Research Products,
Boston, Mass.) for oligonucleotide probe hybridization. Membranes were pre-
hybridized at 52°C and hybridized at the same temperature with an internal
probe that was end labeled with digoxigenin-dUTP with terminal transferase
(Genius System; BMB, Indianapolis, Ind.). Washing conditions and immunoflu-
orescence detection were as described by the manufacturer (BMB).
DNA purification, cloning, and sequencing. Amplified enterovirus (196-bp)
PCR products from infected cell lysates and airplane sewage concentrates were
excised from 1.5% agarose gels and purified with the Qiaex II gel extraction kit
(Qiagen, Chatsworth, Calif.). The purified 196-bp DNA was ligated into the
pGEM-T vector with a molar ratio of 3:1 at 15°C for 3 h. The ligated PCR
product-pGEM vector was then transformed into JM109-competent cells (Pro-
mega, Madison, Wis.). Bacterial cells harboring recombinant plasmids were
selected by 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) blue-
white colony screening in medium containing 50 ng of ampicillin per ml. Plasmids
were isolated from the selected white colonies by the alkali lysis method (11), and
insertion of the 196-bp cDNA was reconfirmed by PCR before sequencing. SP6
or T7 sequencing primers and 35S-dATP were used in the sequencing reaction
(Sequenase version 2.0 DNA sequencing kit; U.S. Biochemicals, Cleveland,
Ohio). 35S-labeled reaction products were analyzed on 6% acrylamide-urea gels,
and autoradiography was carried out for 24 to 48 h.
Enterovirus serotyping of cell lysates. The identification of enteroviruses in
CPE-positive cell lysates of seven sewage samples was carried out with the Lim
Benyesh-Melnick A-H pools consisting of 42 enterovirus antiserum pools in an
intersecting matrix. The 50% tissue culture infectious dose (TCID50) titer of
each cell lysate was determined by inoculating 10 ml of cell lysate or serial 10-fold
lysate dilutions onto confluent RD cell monolayers in 24-well plates and observ-
ing the development of CPE after 2 to 3 days. The antiserum neutralizations
were performed by mixing each antiserum pool with an equal volume of diluted
cell lysate containing 100 to 1,000 TCID50. Enterovirus identity was determined
by the neutralization pattern yielded by lysate inoculation into RD cells following
exposure to Lim Benyesh-Melnick antiserum pools.
RESULTS
Recoveries of virus from sewage solids with various eluents.
Eight eluents were compared for efficiencies of virus recovery
from sewage solids. PV3 Sabin was seeded into metropolitan
sewage and processed according to steps B and C by using the
candidate eluents with vigorous agitation. Based on infectivity,
threonine, BE, and BE-nitrate allowed for the highest recovery
of viruses from sewage solids (Table 1) with the 15.6 to 22.8%
of seeded viruses recovered in the first extraction (step C).
Reextraction with additional chloroform-dithiozone (step E)
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yielded less than half of the infectious viruses recovered in the
first extracts, with the exception of PBS. Because threonine
eluents did not inhibit PCRs and virus recoveries by threonine
were comparable to those by BE, threonine was selected as the
best virus eluent for sewage solids.
Recoveries of virus by the improved and original sewage
processing methods. The original and improved methods for
virus recovery from sewage were compared in triplicate exper-
iments (trials 1 to 3 in Table 2) by using 3-liter volumes of
sewage seeded with a total of 106 PFU (.107 PCR units) of
PV3 Sabin. The relationship between PFU and PCR units is
based on previous studies in which the PCR detection limit of
poliovirus in raw sewage was approximately 0.03 PFU (12). In
addition, this PCR detection limit is equivalent to between 3
and 12 virus particles or genomes (based on virion to PFU
ratios of 1:100 to 1:400). The background levels of enterovi-
ruses in these sewage samples were measured at about 104
PCR units per liter. By the original method, viruses were con-
centrated about 100-fold and recoveries of added PV3 ranged
from 23 to 30% based on infectivity assays (average, 27%; data
not shown). By the improved method, when viruses from the
liquid phase of the sewage were also concentrated approxi-
mately 200-fold, recoveries of added PV3 averaged 30% (Ta-
ble 2). When the solid and liquid phases of the seeded sewage
were combined and further concentrated approximately 1,000-
fold overall, recoveries of seeded PV (trials 2 to 5 in Table 2)
averaged 21%. Despite the greater extent of virus concentra-
tion by the improved method, the processed samples were
more compatible with RT-PCR amplification of viral genomic
RNA than were the samples processed by the original method.
Apparently, there was better removal of RT-PCR inhibitors by
the improved method, probably because of purposeful removal
of sewage solids and improved solvent extraction by the addi-
tion of 0.001% dithiozone to chloroform (6). The addition of
0.1% Tween 80 to the PBS used to resuspend PEG precipitates
also increased overall yields of infectious virus compared to
virus recoveries from PEG precipitates resuspended in PBS
only (original method) or PBS containing 20% glycerol or
0.1% sodium dodecyl sulfate (data not shown).
Detection of low levels of PV3 in sewage containing high
levels of PV1. The ability to detect the genome of a minority
virus in the presence of high titers of a closely related virus was
determined for the 290-ml sewage samples seeded with a high
level (105 PFU) of PV1 LSc and lower levels (14 and 140 PFU)
of PV3 Sabin, as described above for the recovery study. The
recoveries given in trials 4 and 5 (Table 2) represent overall
recoveries for both viruses, because reliable phenotypic differ-
entiation between PV1 LSc and PV3 Sabin by plaque assaying
in RD cells is not possible.
However, differential detection of PV3 Sabin and PV1 LSc
was done by using RT-PCR. Pan-enterovirus primers were
used to amplify enteroviruses in general, and specific primer
pairs were used to amplify PV3 Sabin. Under identical condi-
tions of treatment, enteroviruses were detected in three of the
four samples, but PV3 Sabin was not detected. Assuming
equivalent recovery rates for both viruses, the estimated infec-
tivity titer of PV3 Sabin was 1.1 PFU in a 10-ml sample con-
centrate, which is a virus concentration sufficient for RT-PCR
detection. Residual inhibitory substances in combination with
low titers and perhaps other factors were likely responsible for
inefficient detection. To test this hypothesis, increased titers
(900 or 9,000 PFU) of PV3 Sabin were mixed with 105 PFU of
PV1 LSc in a 250-ml aliquot of metropolitan raw sewage sam-
ple and the seeded sample was processed by the improved
method. Table 3 demonstrates that both of the two concen-
trates (10 ml of sample 1 and 1 ml of sample 2) containing an
TABLE 1. Poliovirus recoveries from seeded sewage solids by
various eluents in the improved method








Step C (first virus extraction from
sewage solids)
Threonine 16.8 16.0 16.4 6 0.6
Beef extract-nitrate 16.0 29.6 22.8 6 9.6
Lysine 13.6 12.8 13.2 6 0.6
Lysine-threonine 12.0 15.2 13.6 6 2.3
Arginine 9.6 16.8 13.2 6 5.1
Beef extract 9.6 21.6 15.6 6 8.5
Beef extract-citrate 3.2 1.1 2.2 6 1.5
PBS 2.4 9.6 6.0 6 5.1
Step E (second virus extraction from
sewage solids)
Threonine-chloroformd NDe 5.4 5.4
Beef extract-nitrate-chloroformd ND 4.3 4.3
Lysine-chloroformd ND 4.1 4.1
Lysine-threonine-chloroformd ND 3.4 3.4
Arginine-chloroformd ND 3.1 3.1
Beef extract-chloroformd ND 7.0 7.0
Beef extract-citrate-chloroformd ND Nf
PBS-chloroformd ND 7.0 7.0
a Approximately 4 3 106 PFU/sample of PV3 Sabin was seeded into 3 liters of
raw sewage samples, collected from Nogales, Ariz.
b The pH of eluents was 7.5.
c Recovery was based on the initial inoculum in raw sewage, which was assayed
in duplicate prior to solids-liquid separation.
d Chloroform contained 0.001% dithiozone.
e ND, not done.
f N, not readable.















3 222 29 44 6 15b
4 ND ND
5 ND ND





3 206 21 30 6 13b
4 ND ND
5 ND ND
Step I (second PEG precipitate






5 625 15 21 6 9
a All virus recoveries were calculated based on the original virus seed as 100%.
The first three trials (3 liters per sample) were seeded with 106 PFU of PV3, and
trials 4 and 5 (290 ml per sample) were seeded with 105 of PV1 and lower levels
(14 and 140 PFU, respectively) of PV3.
b Viruses associated with sewage solids are not included in the calculated
recovery.
c ND, not determined.
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estimated 1.4 PFU of PV3 Sabin were not detected by direct
RT-PCR.
An additional guanidinium isothiocyanate (GIT) extraction
was applied to the virus concentrates from raw sewage to
further remove interfering substances and to concentrate viral
RNA another fivefold (from 100 to 20 ml). As shown in Table
3, PV3 Sabin was detectable in the samples at titers of as little
as 0.7 PFU after GIT extraction. RT-PCR titers of PV3 Sabin
were similar to the virus infectivity titers in the samples (Fig.
1). Because 0.7 PFU was also detected by RT-PCR after GIT
extraction, whereas 1.4 and 1.1 PFU were not detected by
RT-PCR after heat release of the viral genome, the GIT ex-
traction apparently removed inhibitory substances and purified
the viral RNA for efficient RT-PCR amplification. The nega-
tive control of unseeded, raw sewage demonstrated the ab-
sence of PV3 Sabin (Fig. 1, lane 2) but the presence of entero-
viruses amplified by the pan-enterovirus primers in 3.1 ml of
raw sewage (not shown in Fig. 1).
Detection of enteroviruses in airplane sewage. The im-
proved method to recover enteroviruses from sewage was ap-
plied to airplane sewage samples containing a high concentra-
tion of suspended solids and commercial sanitizers. The
method was first tested in two seeded 250-ml airplane sewage
samples, and an average of 8.5% of initially seeded poliovirus
was recovered in the second PEG precipitates with a concen-
tration factor of 1,893-fold (data not shown). Then, the 16
processed samples were examined for the presence of entero-
viruses by RT-PCR and by cell culture infectivity assays. The
concentrations of sewage solids ranged from 0.8 to 4.2% (av-
erage of 2.2%) (dry weight). For each of the 16 samples, 100-ml
volumes of the first PEG precipitates, representing 7 to 32 ml
of raw sewage (Table 4), were inoculated onto confluent 25-
cm2 RD cell layers. Seven of the 16 samples demonstrated
typical enterovirus CPE in cell cultures. Chromatographed
sewage concentrates (step J) and cell culture lysates were then
examined for enteroviruses by RT-PCR. Levels of detection of
enterovirus in cell culture lysates by the two assays, that in
which a determination of infection was based on observation of
CPE and RT-PCR amplification of enteroviruses, were 100%
concordant (Table 4). The examination of the final sewage
concentrates (step K) for enteroviruses by RT-PCR without
cell culture yielded two additional positive samples.
FIG. 1. RT-PCR amplification of PV3 Sabin in final sewage concentrates.
PCR products on a 2% agarose gel were Southern transferred and hybridized
with PV3 Sabin-specific probe labeled with digoxigenin. Lanes: 1, RT-PCR
reagent negative control; 2, control sewage concentrate without seeding; 3, 1 ml
of sample 2, containing 7 PFU of PV3 Sabin; 4, 10 ml of sample 2, containing 70
PFU of PV3 Sabin; 5, 1 ml of sample 1, containing 0.7 PFU of PV3 Sabin; 6, 10
ml of sample 1, containing 7 PFU of PV3 Sabin.
TABLE 3. Direct PCR and GIT-PCR amplifications of
enteroviruses and PV3 Sabin in processed sewage concentrates
Method and sample
Total virus in PFU
per reactiona PCR positivity
b
Enterovirus PV3 Sabin Enterovirus PV3 Sabin
Direct PCRe,g
Sample 1
1-ml concentrate 33 0.14 1 2
10-ml concentrate 330 1.4 1 2
Sample 2d
1-ml concentrate 42 1.4 1 2
10-ml concentrate 420 14 1 1
GIT-PCRf,g
Sample 1
1-ml concentrate 165 0.7 1 1
10-ml concentrate 1,650 7 1 1
Sample 2
1-ml concentrate 210 7 1 1
10-ml concentrate 2,100 70 1 1
a PFU of enterovirus was derived from plaque assays of samples on RD cells;
PFU of PV3 Sabin was calculated from the percent recovery of enterovirus and
the seeded amount of PV3 Sabin.
b Enterovirus PCR was performed with pan-enterovirus primers, and PV3
Sabin PCR was performed with PV3 Sabin-specific primers.
c Seeded with 900 PFU of PV3 Sabin and 2.2 3 105 PFU of PV1 LSc.
d Seeded with 9,000 PFU of PV3 Sabin and 2.8 3 105 PFU of PV1 LSc.
e Direct (heat release) PCR on samples that were processed and concentrated
625-fold.
f Samples were purified and concentrated 3,125-fold overall by guanidinium
extraction before PCR.
g Negative controls for RT-PCR were run in both direct PCR and GIT-PCR,
and the guanidinium extraction negative control was also run in GIT-PCR to
ensure no cross-contamination.
TABLE 4. Detection of enteroviruses in aircraft sewage by




















5103 18.0 41 1c 1c Echovirus 13
5928 7.6 2 2 2 NDe
1928 7.2 2 2 2 ND
11013 17.7 2 2 2 ND
111 8.0 41 1 1 Coxsackievirus B2
101 11.4 2 2 1 ND
723 7.0 41 1 1 Echovirus 33
703 16.7 41 1c 1c Unclassifiedf
011 32.0 21 1c 1c Coxsackievirus B5
81019 10.2 2 2 1 ND
81018 8.0 2 2 2 ND
261018 8.0 2 2 2 ND
261019 8.4 2 2 2 ND
022 7.6 2 2 2 ND
21018 7.0 41 1 1 Echovirus 7
21019 7.0 31 1 1 Echovirus 7
Control RD cell 0 2 2 2 ND
a An equivalent volume of raw sewage (in milliliters) was first concentrated to
0.1 ml by steps A to G and was then inoculated in a 25-cm2 flask of RD cells.
b The larger the number, the more CPEs observed in RD cells (maximum 5
41).
c Two to three clones of each PCR product were sequenced to determine
identity.
d Viruses in CPE-positive cell lysates of seven inoculated sewage samples
serotyped by Lim Benyesh-Melnick (LBM) A-H antiserum pools.
e ND, not determined.
f No neutralization by any Lim Benyesh-Melnick A-H antiserum pools.
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To further characterize the identities of some of these en-
teroviruses, we sequenced the PCR products from three sam-
ples that were positive by both assay methods (011, 703, and
5103). The PCR products were inserted into the pGEM vector,
and two to three independent clones were sequenced from
each PCR product, derived from either the cell culture lysates
or sewage concentrates. The virus sequences (125- to 129-bp
nucleotides immediately downstream of the 59-end PCR
primer in the nontranslated region) were aligned (Fig. 3a) and
compared to the nucleotide sequences of existing strains (Fig.
3b). The enterovirus genotypes detected in airplane sewage
were closely related to other human enteroviruses. Three en-
terovirus genotypes (5103-S1, -S2, and -S3) of sewage concen-
trate 5103 differed from each other and were also distinctly
different from the enterovirus genotypes isolated from cell
culture, 5103-C1 and -C2. The nucleotide sequences of the two
clones from the cell culture were identical and were phyloge-
netically related to those of echoviruses or coxsackieviruses
(Fig. 2b). The genotypes identified from the cell lysates of
sample 703 (703-C1 and -C2) were the same, except for a single
A-T change. Interestingly, one of the two isolates from the
sewage concentrate of 703 (703-S2) was similar to enterovirus
70, with only 8 of a total of 128 nucleotides differing from the
reference strain.
Generally, a single enterovirus genotype predominated in
cell culture. The isolation of two distinct enterovirus genotypes
in cell culture occurred in only one sample (isolates 011-C1
and 011-C2 in sample 011). However, by RT-PCR amplifica-
tion from sewage concentrates, different enterovirus genotypes
were found in all samples that were sequenced. It seems likely
that cell culture selects for those specific enteroviruses that
replicate most rapidly and achieve a high titer. RT-PCR de-
tection of viruses in sewage concentrates probably reflects their
relative prevalence or abundance in the sewage.
The identities of enteroviruses in the seven CPE-positive cell
lysates were determined by classic Lim Benyesh-Melnik sero-
typing. Three echoviruses (7, 13, and 33) and two coxsackie B
viruses (B2 and B5) were identified in six of the seven airplane
lavatory sewage samples (Table 4). It is noteworthy that isolate
5103 typed as echovirus 13 by serum neutralization and as an
echovirus by genotyping based on nucleotide sequencing in the
59 nontranslated region. The virus in sample 703 was not neu-
tralized by any of the Lim Benyesh-Melnik antiserum pools;
however, the viruses of 703-C1 and 703-C2 were classified as
human enteroviruses by genotyping by using nucleotide se-
quence alignment. According to their nucleotide sequences in
the 59 nontranslated region, 703-C1 and -C2 were likely to be
echovirus or coxsackievirus related.
DISCUSSION
Global surveillance of fecally transmitted viruses such as
polioviruses is hampered by the lack of well-defined methods
for recovering, quantifying, and identifying the viruses in en-
vironmental samples. Such methods not only are needed to
verify the global eradication of poliovirus but also could aid in
identification of the human vectors and the vehicles responsi-
ble for global dissemination of other enteric viruses. Previously
described methods for the recovery of enteroviruses in envi-
ronmental samples are often incompatible with detection of
virus by PCR. Sample concentrate volumes are too large, and
the methods employ reagents (such as 3% BE) that inhibit
PCR. New approaches are needed for virus concentration and
elimination of inhibitory compounds, especially for the detec-
tion of low levels of viruses.
While our original method to recover enteric viruses from
sewage did not include an early step for separating sewage
solids, it did permit virus detection by PCR in typical municipal
raw sewage samples (12). Sewage samples with high levels of
suspended solids such as airplane lavatory sewage resulted in
low levels of virus recovery, because solids-associated viruses
sedimented during PEG precipitation became occluded within
FIG. 2. (a) Nucleotide sequences of the enteroviruses (59 nontranslated genomic region) isolated from sewage concentrates (S) and sewage inoculated cell lysates
(C) of samples 5103, 703, and 011. Asterisks, nucleotide positions that were perfectly conserved; periods, nucleotide positions that were well conserved among the 13
enteroviruses. (b) Dendogram of the evolutionary relationships among nucleotides 467 to 594 at the 59 end of the genomes, which were compared to those of other
known enteroviruses (entero). rhino, rhinovirus; echo, echovirus; Coxsackie, coxsackievirus.
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the solids and could not be extracted or eluted efficiently. For
sewage containing high levels of solids, a common method of
filter adsorption-elution and ultrafiltration used by other re-
searchers (16–18) is impractical because of rapid filter clog-
ging.
Incorporation of initial steps of sewage solids separation and
virus extraction from separated solids resulted in an improved
method. The amino acid threonine at a concentration of 0.5 M
and at pH 7.5 was as efficient at recovering viruses as 3% BE.
Although the chaotropic agent sodium nitrate in 3% BE
yielded the highest levels of virus recovery, it resulted in in-
creased PCR interference. The steps following the PEG pre-
cipitations, Sephadex chromatography, and GIT extraction
were found to be effective in removing inhibitors and recover-
ing virons and viral genomic RNAs. GIT extraction not only
purified and concentrated the sample by another 5- to 10-fold
but also resulted in high viral RNA recoveries and effective
removal of RT-PCR inhibitors. After a 3,000-fold concentra-
tion, low levels of PV3 Sabin genomes were detectable in the
presence of an approximately 240-fold excess of the related
PV1 LSc genome (Table 3). With the detection limits ap-
proaching 14 PFU by direct PCR and as little as 0.7 PFU by
GIT extraction PCR (Table 3), these results are consistent with
those of a previous study showing that GIT lysis followed by
silica particle binding and elution was superior to proteinase K
digestion, phenol-chloroform extraction, Sephadex G-200
chromatography, and CTAB precipitation for PCR detection
of enteric viruses (5).
By the improved method, 44% (7 of 16) of the airplane
lavatory sewage samples collected from international flights
entering the United States contained enteroviruses by both
analysis of CPE in cell culture and pan-enterovirus PCR de-
tection. Two additional sewage samples were positive for en-
teroviruses by PCR but were CPE negative. Perhaps these two
samples harbored enteroviruses that did not replicate effi-
ciently in RD cells or did not cause CPE, or perhaps virus
infectivity was inactivated by the commercial sanitizers used.
Because airplane lavatory sewage is discharged typically into a
local municipal sewer system and because conventional sewage
treatment is less than 100% effective in eliminating enteric
viruses, the introduction of pathogenic enteroviruses from one
part of the world to another part of the world may pose a
health risk if people ingest or otherwise come in contact with
the treated wastes. Also of concern is the possible exposure to
imported enteric viruses by workers who remove the sewage
from the airplane. However, epidemiological studies are
needed to determine if such exposures produce health risks
that differ from those experienced by workers who handle
municipal sewage, sludge, or septage. Perhaps the greatest
risks of transmission of imported enteric viruses are from the
infected passengers themselves. A recent report describes the
importation of wild-type PV3 into Alberta, Canada, from The
Netherlands during the years 1992 to 1993, resulting in infec-
tions within an unvaccinated religious community (2).
In the present study, enteroviruses recovered from sewage
were detected by biological amplification in cell cultures and by
direct nucleic acid amplification from sewage concentrates by
RT-PCR. The virus genotypes detected by the two assay meth-
ods were different. When two clones from seven CPE-positive
cell lysates were sequenced, the two clones per sample were
usually identical. It is likely that cell culture selects for the
enterovirus that grows most rapidly and yields the highest titer
among the enterovirus population present in the sample.
Other studies have suggested that the inoculation of sewage or
other environmental samples onto cell cultures prior to PCR
was a way to avoid the inhibitory substances derived from the
samples and to detect viruses more rapidly (3). This approach
will likely reduce the detection of minority viruses or viruses
that propagate in cell culture either poorly or not at all. For
example, human caliciviruses, hepatitis A virus, hepatitis E
virus, and many rotaviruses may not be reliably detected by this
approach. Thus, GIT-PCR detection and identification of en-
teric viruses in highly concentrated sewage samples without
cell culture have important advantages in isolating low titers of
specific virus types and strains in the presence of high levels of
other viruses. GIT-PCR without cell culture may amplify the
nucleic acids of inactivated viruses, and this may be a problem
in some situations. However, there are other situations, such as
environmental surveillance for wild-type polioviruses thought
to be eradicated, in which the mere presence of the specific
virus at all would be of public health concern.
An attempt was made to differentiate and identify enterovi-
rus isolates on the basis of the nucleotide sequences of clones
amplified in the 59 nontranslated region. This highly homolo-
gous 59 nontranslated region allowed a rapid detection of the
majority of human enteroviruses by pan-enterovirus PCR (1,
10, 22) but has not been previously applied to type distinct
enterovirus genotypes. Based on the nucleotide sequence
alignments in this region (Fig. 2b), previously sequenced po-
lioviruses, echoviruses, and coxsackie B viruses are grouped
properly. Coxsackie A viruses clustered within two distinct
branches of the evolutionary tree. While this approach is too
preliminary to conclusively type the enteroviruses isolated in
this study, it did permit us to differentiate 59-end sequences
among enterovirus isolates within a sewage sample and tenta-
tively to determine whether they resembled coxsackie A or B
virus, echovirus, poliovirus, or enterovirus 70. Additionally, the
advantages in using this genotyping method by nucleotide se-
quencing and alignment allowed the genomic identification of
an isolate not identifiable by neutralizing enterovirus antisera.
The discrepancy between serotyping and genotyping (e.g., sam-
ple 011) might be caused by enterovirus evolution, recombina-
tion, and/or mutation over time. It might also be due to a
mixture of virus types or strains in cell lysate samples and an
insufficient length of this conserved genomic region for defin-
itive sequence comparison. Future studies would be needed to
determine the reliability of genotyping in the 59 nontranslated
region for characterization and classification of enteroviruses.
The sewage-processing method developed should facilitate
the detection of low levels of wild-type strains of polioviruses in
the presence of higher levels of vaccine strain polioviruses and
other enteric viruses, in different types of sewage samples,
including those with high levels of suspended solids. The
method is especially applicable to detect CPE-negative enteric
viruses in sewage. The finding of infectious enteroviruses in
chemically treated airplane lavatory sewage suggests that cur-
rent disinfection strategies are inadequate and that interna-
tional air travel may promote the dissemination of enteric
viruses as previously documented (7). Additional studies are
needed to identify the spectrum of enteric human pathogens
present in airplane sewage and to develop more efficient strat-
egies for virus inactivation, prior to sewage removal from air-
planes.
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